Na
+ /H + exchanger (NHE) 1 isoform 4 is encoded by Slc9a4, a member of the Slc9a gene family, comprising at least 9 genes encoding transporters that catalyze the electroneutral exchange of Na + and H + across cell membranes (1, 2) . NHE4 exhibits a limited tissue distribution, with very high expression in stomach and low levels in kidney, pancreas, salivary glands, and hippocampus 2 (3) (4) (5) (6) . In the stomach, NHE4 protein has been localized to the basolateral membranes of epithelial cells lining the gastric glands (7) . Its mRNA is expressed at particularly high levels in parietal and chief cells and at somewhat lower levels in mucous cells (8) .
In gastric parietal cells, basolateral Na + /H + exchange is involved in intracellular pH and volume homeostasis and has been proposed to play a critical role in acid secretion (8) (9) (10) . There is evidence that at least part of this Na + /H + exchange activity may be coupled with basolateral Cl -/HCO 3 -exchange (11) . If this were the case, it would provide a mechanism for uptake of both Na + and Cl -, which would contribute to maintenance of cell volume and, in combination with Na + ,K + -ATPase activity, maintain the intracellular ion concentrations and membrane potential required for HCl and KCl secretion. Studies using AE2 knockout mice have shown that AE2 is the predominant basolateral Cl -/HCO 3 - exchanger in gastric parietal cells; AE2 null mutants were achlorhydric and their gastric parietal cells exhibited a severe deficiency in the development of secretory canaliculi (12) . These findings indicated that the loss of AE2 disrupted the electrochemical driving forces for gastric HCl and KCl secretion and suggested that basolateral electrolyte and water uptake might be crucial for the development of mature parietal cells and fully formed secretory canaliculi. Thus 3 -exchange (8) on the basolateral membrane. NHE1 is expressed at relatively low levels in parietal cells (8) , and analyses of NHE1 knockout mice indicated that this isoform is not essential for acid secretion (13) . Although NHE2 knockout mice exhibited a progressive loss of parietal cells and became achlorhydric upon aging, gastric secretions in young NHE2 knockouts had normal acidity, and even in aged NHE2 null mutants, the few remaining mature parietal cells exhibited an expansion of the secretory canaliculi and appeared to be secreting acid at high rates (14) . Thus, NHE2 is essential for parietal cell survival but does not appear to be directly involved in gastric acid secretion.
These observations, together with previous data indicating that NHE4 regulates parietal cell volume but not intracellular pH (8) , are consistent with the hypothesis that coupled Na + /H + and Cl -/HCO 3 -exchange, involving NHE4 and AE2, with secondary coupling to the Na + ,K + -ATPase is the predominant mechanism for electrolyte uptake and maintenance of cell volume and membrane potential during gastric acid secretion. To study the role of NHE4 in acid secretion and parietal cell function, we developed a mouse carrying a targeted disruption of the NHE4 gene. Investigation of acid secretion and gastric gland morphology in NHE4 null mutant mice revealed that they have hypochlorhydria, impaired maturation and/or differentiation of gastric epithelial cells, a reduced number of parietal cells, and a deficiency in secretory membrane development similar in some respects to that occurring in AE2 null mutant mice.
EXPERIMENTAL PROCEDURES

Preparation of Targeting Construct and Generation of Mutant
Mice-A targeting construct was generated using the pMJKO vector (14) and fragments of the mouse NHE4 gene that were generated by digestion of a λ phage genomic clone with SacI. One SacI fragment, extending from intron 1 to codon 106 in exon 2, was inserted 5' of the neomycin resistance gene (neo gene) in the vector and a second SacI fragment, extending from codon 106 in exon 2 to intron 2, was subcloned between the 3' end of the neo gene and the promoter of the herpes simplex virus thymidine kinase gene. Targeting of ES cells (129S6/SvEv background) was performed as previously described (14) . ES cells were screened for homologous recombination by Southern blot analysis of HindIII or EcoRV digested DNA using a 5' probe corresponding to exon 1 and a 3' probe corresponding to sequences in intron 3, respectively. ES cells in which homologous recombination had occurred were selected for blastocyst-mediated transgenesis and the resulting chimeric mice carrying the targeted ES cell DNA were bred with wild-type Black Swiss female mice (Taconic). The studies described here, as well as those of the AE2 null phenotype (12) , were performed using mice with a mixed 129S6/SvEv and Black Swiss background.
Measurement of Gastric pH and Acid/Base Equivalents-The pH and acid-base content of gastric secretions of NHE4 -/-and WT mice were measured at 18 days, 9 weeks and 6 months of age as described previously (14) . Mice were euthanized 15 minutes after subcutaneous injection of histamine (2 µg/g body weight) and the intact stomach was removed. The gastric contents, which would include both basal and histamine-stimulated acid-base equivalents, were rinsed into 5 ml of oxygen-saturated normal saline solution at room temperature, degassed, pelleted by centrifugation, and the pH and acid-base equivalents were determined by titration with NaOH.
Northern blot analysis and RT-PCRTotal RNA was isolated from stomachs of 9-weekold mice using TRI Reagent (Molecular Research Center, Inc., Cincinnati, OH). Total RNA was denatured with glyoxyl, separated by electrophoresis in 1% agarose, and transferred to a nylon membrane.
Blots were analyzed for expression of mRNAs encoding gastrin, gastric H + ,K + -ATPase α and β subunits, AE2, NHE4, NHE2, pepsinogen, intrinsic factor, and the L32 ribosomal subunit protein using 32 the L32 band (as a loading control) and the foldchange in expression in NHE4 -/-stomachs relative to that of WT controls was determined.
For RT-PCR, cDNA was prepared by reverse transcription of 4 µg of total RNA using the Superscript Preamplification System (Invitrogen, Carlsbad, CA). PCR of WT and NHE4 -/-cDNA was carried out using forward (CTTCTAGCTCAGACCCCGATG) and reverse (GTCTCGGCTGCTAAGTAAGACAG) primers designed to amplify sequence between exon 1 and exon 3.
The products were separated by electrophoresis in 2% agarose, isolated, and sequenced.
Western blot analysis-Immunoblots of gastric H + ,K + -ATPase α-subunit protein expression were performed on stomach samples from 3 pairs of 9-week-old mice; whole tissue homogenates were prepared as previously described (12) .
Samples (20 µg/lane) were separated by electrophoresis on an 8% sodium dodecyl sulfate-polyacrylamide gel and transferred to a nitrocellulose membrane. The blot was incubated overnight with a mouse anti-gastric H + ,K + -ATPase α-subunit antibody (16) and an anti-actin antibody (as a loading control) as previously described (12) . Chemiluminescence of a horseradish peroxidase-conjugated secondary anti-mouse antibody was developed using the SuperSignal West Pico reagent (Pierce). Following autoradiography, densitometric analysis of bands was carried out using an HP scanner and ImageQuant software (version 5.1).
Histology and Electron Microscopy-For hematoxylin-and eosin-stained sections, stomachs were fixed in 10% neutral buffered formalin, dehydrated, and embedded in paraffin.
For electron microscopy, stomachs were fixed in 2% paraformaldehyde and 2.5% glutaraldehyde, postfixed in 1% osmium tetroxide, dehydrated in ethanol and propylene oxide, and embedded in Spurr's resin. Morphometric analysis of the glandular stomach epithelium was performed as previously described (12, 15) .
Terminal deoxynucleotidyltransferase-mediated, dUTP nick end labeling (TUNEL) assays to detect apoptosis were performed on sections of paraffin-embedded tissues exactly as described previously (14) -/-mice exhibited normal growth and survival compared to WT littermates and no gross abnormalities were observed. In addition, both male and female NHE4 -/-mice were fertile. Northern blot analysis revealed a reduction in the size of the NHE4 mRNA in NHE4 -/-stomachs (Fig. 1C) . The mutant transcript was not observed in the NHE4 +/-stomachs but was present at significant levels in NHE4 -/-stomachs, suggesting both that the mutant transcript is poorly processed or unstable and that the loss of NHE4 causes transcriptional upregulation of its gene. The smaller size of the mutant mRNA could indicate the use of a cryptic splice site or splicing directly from exon 1 to exon 3, with excision of exon 2 and the neo gene. To distinguish between these possibilities, cDNA from WT and NHE4 -/-mice was amplified to generate fragments beginning in exon 1 and ending in exon 3. The mutant product was 462 base pairs shorter than the WT product ( Fig. 2A) , and sequence analysis demonstrated that exon 2 and the neo gene had been excised (Fig. 2B) .
Impaired Gastric Acid Secretion in NHE4 Null Mutant Mice-To test the hypothesis that NHE4 is required for normal gastric acid secretion, the pH and amount of acid or base were measured in gastric secretions from WT and NHE4 -/-mice at 9 weeks of age following stimulation of acid secretion with histamine. In addition, to determine if NHE4 -/-mice, like NHE2 null mutants (14) , exhibit a progressive loss of acid secretion over time, the measurements were also performed using 18-day-old and 6-month-old pairs. In all age groups, the pH of the gastric secretions was significantly more alkaline in NHE4 -/-mice than in WT mice (Figs. 3A, 3C, and 3E). Consistent with the increased pH of the gastric secretions, the amount of acid in NHE4 -/-gastric secretions was significantly reduced as compared to those of WT mice (Fig. 3B, 3D , and 3F). Furthermore, there was no difference in either the pH or acid content of gastric secretions among NHE4 -/-mice over the range of ages sampled.
Northern Blot Analysis of Gastrin mRNA and Both Parietal and Chief Cell Markers-
Hypergastrinemia and increased gastrin mRNA is associated with both hypochlorhydria and achlorhydria in humans and mice (12, 14, 15, 17, 18) . Consistent with the reduced gastric acid secretion, NHE4
-/-mice exhibited significant increases in gastrin mRNA expression (Fig. 4) . Expression of gastric H + ,K + ATPase α and β subunit mRNAs was reduced to ~15% of the expression levels in WT stomachs, indicating a possible loss of parietal cells or decreased parietal cell maturation. Consistent with this possibility, AE2c mRNA (the smallest AE2 mRNA), which is restricted to parietal cells, was severely decreased, whereas the mRNA corresponding in size to AE2a and AE2b (17, 19) was reduced to ~75% of WT levels.
To determine if there might be a compensatory upregulation of NHE2 in NHE4 null mutant mice, expression of NHE2 mRNA was measured. However, there was no significant change in NHE2 mRNA expression in NHE4 -/-mice as compared to WT controls. Changes in expression of the chief cell markers, pepsinogen and intrinsic factor (20, 21) , are also often observed in mouse models with deficient gastric acid secretion (12, 14, 15, 22, 23) . Consistent with these previous studies, pepsinogen and intrinsic factor were reduced by 94% and 81%, respectively in NHE4 -/-stomachs. (Fig. 5A ). Expression of the gastric H + ,K + -ATPase-α subunit in NHE4 -/-mice was reduced to ~5% of WT levels (Fig. 5B) .
Analysis of Histopathologic and Ultrastructural Changes in NHE4 Null Gastric Mucosa-As compared to WT gastric mucosa (Fig. 6A) , that of the NHE4 knockout was characterized by glands with an atrophic appearance; the cells did not appear to be stimulated despite the increase in gastrin mRNA expression (Figs. 6B and 6C). The glands also had an increase in the amount of interglandular space (Figs. 6D and 6E), which, on the basis of its staining characteristics, did not appear to be due to increased collagen. There was only a modest increase in the number of cells between the glands. NHE4 knockout gastric mucosa exhibited trends toward an increased number of cells in the glands and an increased thickness of the glandular epithelium (Table I) ; however, these were not statistically significant. NHE4 -/-gastric glands had significant reductions in the number of readily discernable parietal and chief cells, and there were relative increases in the number of mucous cells (Table I) . Among the mucous cells, pit and neck cells appeared normal when viewed by light microscopy and had typical mucous granules, but mucous cells in the base of the oxyntic gland, where chief cells are normally located, often stained blue with PAS/alcian blue (data not shown), indicating a switch from neutral to acidic polysaccharides. There were also increases in the number of enteroendocrine cells and in cells that were classified as "other" due to their relatively undifferentiated appearance.
The 18-day-old NHE4 -/-mice had significantly more cells that were classified as "other" than in the 9-week-and 6-month-old NHE4 -/-mice. Unlike findings in gastric H + ,K + -ATPase α-subunit-deficient mice (15), there was no evidence of ciliated cells in NHE4 -/-gastric mucosa.
As shown in Fig. 7A , WT parietal cells were easily identified and characterized by a readily discernable canalicular network.
In contrast, profiles of NHE4 -/-parietal cells were small and canalicular development appeared to be impaired (Fig. 7B) . Consistent with the retention of some gastric acid secretory capacity, NHE4
-/-gastric mucosa did contain a few parietal cells with secretory membranes that appeared relatively normal (Fig. 7C) . In NHE4 -/-gastric mucosa, there was a modest, but significant, increase in cell death, characterized by both cells with highly vacuolated cytoplasm (necrosis, Fig. 7D) To confirm that apoptosis was increased in NHE4 -/-gastric glands, TUNEL assays were performed. As shown in Fig. 8 , the nuclear staining characteristic of DNA fragmentation occurring in cells undergoing apoptosis was observed at a higher frequency in NHE4 -/-gastric glands. Light staining of the outermost mucus pit cells on the luminal surface of the stomach was observed at similar frequencies in both WT and NHE4 -/-stomachs, although these cells did not appear to be apoptotic, as they had normal appearing nuclei and cytoplasm. However, unlike WT stomachs, in which TUNEL-positive staining was not observed within the glands, a small number of TUNEL-positive cells were observed throughout the gastric glands of NHE4 -/-stomachs, consistent with the presence of apoptotic cells observed by light microscopy.
Parietal cell morphology appeared to be altered in NHE4 -/-gastric glands when examined by light microscopy and resembled to some degree that which was observed previously in AE2 -/-gastric glands (12) . Ultrastructural analysis of NHE4 -/-gastric epithelium confirmed that there were significant morphological changes. In contrast to WT parietal cells, which have welldeveloped secretory canaliculi extending deep within the cell (Fig. 9A) , the more well developed canaliculi in NHE4 -/-parietal cells were primarily restricted to the apical portion of the cell (Fig. 9B,   D ). NHE4 -/-parietal cells tended to be small with cytoplasm containing fewer organelles and canalicular nidi than WT cells. WT secretory canaliculi were characterized by long microvilli, and canalicular structures were typically surrounded by tubulovesicular membranes (Fig.  9C) . NHE4
-/-secretory canaliculi typically had tightly packed microvilli and were often surrounded by a zone where few organelles were found, a location normally filled with tubulovesicles (Fig. 9E) . Most of the microvilli on the apical and canalicular membranes of NHE4 -/-parietal cells were more than 1 micron long (see Fig. 9D ), and thus had the appearance of microvilli containing peripheral actin, which is known to require the presence of the gastric H + ,K + -ATPase (24). However, in a subset of canaliculi (Fig. 9F) , actin was localized to the core of the microvilli, suggesting that they lacked the H + ,K + -ATPase. Consistent with the changes in parietal cell morphology observed by light microscopic and ultrastructural analyses, NHE4
-/-parietal cells had a significant decrease in cell area at both 18-25 days of age and at over 9 weeks of age (Table II) . While the nuclear area was the same for WT and NHE4
-/-cells, the ratio of nuclear area:cytoplasmic area was significantly increased in NHE4 -/-cells, indicating that the reduced volume of NHE4 -/-parietal cells was due to decreases in the cytoplasmic compartment instead of an overall smaller size of all of the cellular components. In addition, NHE4
-/-parietal cell nuclei were not located in the center of cell, but tended to be closer to the basal aspect of the cell. Decreased parietal cell area was also observed in AE2 -/-gastric mucosa (Table II) , consistent with the possibility that both exchangers contribute to the maintenance of parietal cell volume.
In addition to the changes in parietal cell morphology, ultrastructural analysis revealed abnormalities of NHE4 -/-mucous cells. WT mucous pit cells are characterized by numerous mucous granules near the apex of the cell (Fig.  10A) . NHE4 -/-mucous pit cells also had abundant granules; however, small intracytoplasmic cystic structures were often observed (Fig. 10B) at the ultrastructural level.
Finally, as also seen by light microscopy, one of the most abundant cell types in NHE4 -/-gastric mucosa, classified among "other cells" (Table I) , was a medium-sized cell characterized ultrastructurally by a relatively dense homogenous cytoplasm containing many polysomes, sparsely distributed rough endoplasmic reticulum, and few organelles (Fig. 10C) . These cells contained no granules, canalicular nidi or other distinct features that would indicate their lineage, and were present in the isthmus, neck, and base of the gland, but not in the pit region.
DISCUSSION
The targeting strategy led to the excision of exon 2 during processing of the primary transcript, thereby eliminating sequences encoding 5 of the 12 transmembrane domains. NHE4-deficient mice exhibited no apparent changes in birth rate, viability, growth, or fertility, but did exhibit hypochlorhydria and major histological changes in the gastric mucosa. As discussed below, these findings are consistent with the hypothesis that NHE4 operates in concert with basolateral Cl -/HCO 3 -exchange to support gastric acid secretion; however, the phenotype is complex and may also involve impaired development of secretory membranes, impaired parietal cell differentiation and/or maturation, and both apoptotic and necrotic cell death, all of which could contribute to the observed hypochlorhydria.
It is clear that the massive secretion of ions across the apical/canalicular membranes of the stimulated parietal cell must be balanced by equivalent uptake of ions across the basolateral membrane. In the absence of effective basolateral ion uptake, cell volume would be rapidly depleted and acid secretion would cease. Thus, in the actively secreting parietal cell, regulation of cell volume should be viewed not as a simple homeostatic process that corrects small fluctuations, but as a robust volume loading mechanism to support the dynamic volume depleting process of acid secretion. In addition, the basolateral ion transport mechanisms must also maintain the appropriate electrical and ionic driving forces that are required for acid secretion.
Studies by Muallem and colleagues showed that stimulation of acid secretion leads to activation of both Cl -/HCO 3 -and Na + /H + exchange on the basolateral membrane of the gastric parietal cell (10 3 -exchange (beyond that needed to balance HCl secretion), provides a mechanism for both Na + and Cl -uptake. These activities would maintain cell volume during acid secretion and, more importantly, would serve as an active, robust mechanism for i) Cl --loading to support Cl -secretion and ii) Na + -loading to drive the Na + ,K + -ATPase activity needed to generate the appropriate membrane potential for anion secretion and take up K + for subsequent secretion. Although the NKCC1 Na + -K + -2Cl -cotransporter could, in principle, provide some of this basolateral ion uptake activity, recent studies indicate that it is unlikely to contribute to acid secretion in mouse (29) or volume regulation of stimulated parietal cells in the rabbit (28) .
Of the three Na + /H + exchangers expressed in parietal cells, previous studies indicated that NHE1 and NHE2 are unlikely to be major isoforms functioning in concert with AE2 to provide an essential Na + -and Cl --loading mechanism. Although NHE1 was shown to regulate both intracellular pH and volume in isolated parietal cells (8) , it is expressed at relatively low levels in parietal cells (8) and only mild abnormalities were detected in NHE1-null gastric mucosa (13) . Studies of isolated parietal cells indicated that NHE2 is involved in pH regulation but not volume regulation (8) , and the stomach phenotype of NHE2 null mice, while severe, was not consistent with a direct role for NHE2 in acid secretion. Unlike NHE4 knockouts, in which the hypochlorhydria phenotype is stable over time, NHE2-null mice exhibited a progressive loss of acid secretion, which was accompanied by the loss of parietal cells primarily via necrosis (14) . Some of the few remaining parietal cells in NHE2-null mice had highly developed secretory membranes and their morphology suggested that they were capable of high rates of acid secretion. In fact, despite a sharp reduction in the number of parietal cells, the pH of the stomach contents of young NHE2 knockouts was normal. In contrast to NHE1 and NHE2, NHE4 appeared to play no role in the regulation of intracellular pH in isolated parietal cells; however, like AE2, it was strongly activated by hyperosmolarity and by cAMP (8) . On the basis of those observations and its high levels in parietal cells, NHE4 was considered the most likely isoform to mediate intracellular volume regulation during acid secretion (8) .
The decreased cell volume of both NHE4-null and AE2-null parietal cells ( -loading required for acid secretion, the occurrence of a hypochlorhydria phenotype in the NHE4 knockout also supports this hypothesis.
The absence of either AE2 (12) or NHE4 resulted in a sharp reduction in the amount of secretory canalicular membranes in parietal cells, and the few canaliculi that were present were primarily restricted to the apical pole of the cell. Tubulovesicles were largely absent in parietal cells of both knockouts, suggesting that the available secretory membranes were incorporated into the incipient canaliculi. These observations suggest that volume expansion, due to basolateral Na + and Cl -uptake via the coupled activities of AE2 and NHE4, is necessary for the development of mature secretory membranes. It is conceivable that the basolateral uptake of NaCl by AE2 and NHE4, with accompanying water, provides fluid and ions, either directly or indirectly, for secretion into tubulovesicles and canaliculi and that this process is, in turn, required for expansion of the canaliculi and fusion with the secretory apical membrane to form the mature secretory canaliculus. This possibility, however, which was discussed previously for the AE2 phenotype (12), remains speculative and the underlying mechanism by which secretory membrane maturation might be affected by basolateral ion uptake is unknown.
Despite the similarities in parietal cell phenotypes of the NHE4 and AE2 knockouts, there were significant differences. In the AE2 knockout, near normal levels of gastric H + ,K + -ATPase α and β subunit mRNAs were observed (12) and there was only a modest reduction in the number of clearly identifiable parietal cells, suggesting that the impaired development of secretory membranes in that model is unlikely to be due to a block in parietal cell differentiation or maturation. In contrast, both the number of parietal cells and H + ,K + -ATPase mRNA and protein levels were reduced in NHE4-null stomachs, and the actin filaments in some of the secretory microvilli were localized to the microvillar core rather than being arranged immediately adjacent to the membrane. The latter change may be related to insufficient H + ,K + -ATPase levels, as there is evidence that the H + ,K + -ATPase α-subunit serves as an attachment site for the actin cytoskeleton (24) . These features of NHE4-null parietal cells suggest that NHE4 is required for parietal cell maturation and/or differentiation.
While NHE2-null parietal cells exhibited a high incidence of necrotic cell death (14) , NHE4-null parietal cells exhibited a modest incidence of both necrotic and apoptotic cell death. The necrotic parietal cell death that occurred in both models suggests that the loss of Na + /H + exchange mediated by either of these isoforms impairs parietal cell viability during acid secretion, although this problem appears to be less severe in the NHE4 knockout. The loss of a Na + /H + exchanger that is normally coupled with basolateral Cl -/HCO 3 -exchange during acid secretion would be expected to cause both cell shrinkage, as a result of insufficient electrolyte uptake, and intracellular acidosis due to an imbalance between extrusion mechanisms for H + and HCO 3 - . (Although NHE4 did not appear to be involved in intracellular pH regulation under normal conditions (8) , its absence would be expected to result in unbalanced HCO 3 -extrusion.) It seems likely that impaired intracellular pH and/or volume homeostasis during gastric acid secretion would contribute to necrotic cell death. Also, both a reduction in cell volume and intracellular acidosis has been shown to contribute to apoptosis (30, 31) . A reduced life span for NHE4-null parietal cells could be a factor in the reduced number of parietal cells; however, as discussed below, the data suggest that a more important factor may be impaired development of parietal cells.
Most of the remaining parietal cells in NHE4 -/-stomachs appeared to be immature and were similar in appearance to cells classified as pre-parietal cells (32) (33) (34) (35) . Unlike the WT gastric mucosa, there were a large number of granule-free cells in the NHE4 -/-gastric mucosa that appeared to be undifferentiated (see Fig. 10C ). These cells (particularly the subset with the denser cytoplasm) resembled the granule-free cell proposed as the stem cell that differentiates into pre-pit, pre-neck, and pre-parietal cells (32, 33) . The granule-free putative stem cell, however, is generally restricted to the isthmus, whereas the granule-free cells observed in the NHE4 knockout were present in the isthmus, neck, and base. Studies in which mouse gastric epithelial cells were labeled with 3 H-thymidine showed that granule-free cells (which had the highest labeling index), pre-pit cells, and pre-neck cells were labeled at the shortest time period (30 min) tested, but that the label did not appear in pre-parietal cells until the 24-hr time period (33) . On the basis of these and other data, Karam and Leblond proposed a model in which all three of these cell types can differentiate into pre-parietal cells, with the granule-free cell being the major contributor to the parietal cell lineage in mouse (33) . Although speculative, it is conceivable that a subset of the abundant undifferentiated cells in the NHE4 -/-gastric mucosa, such as those with the lighter cytoplasm noted in Fig. 10C , are derived from the granule-free putative stem cell (which may correspond to the undifferentiated cells with darker cytoplasm in Fig. 10C ) and are in the earliest stages of differentiation into pre-parietal cells. If this were the case, it would suggest that the absence of NHE4, which could result in a reduced set point for intracellular pH, causes a partial block in parietal cell differentiation.
Mature chief cells, which normally express high levels of NHE4, were virtually absent in the NHE4 knockout, and the chief cell markers, pepsinogen mRNA and intrinsic factor mRNA, were reduced to ~5% and ~20% of wild-type levels.
Numerous studies have shown that impaired acid secretion is accompanied by reduced pepsinogen mRNA expression (12, 14, 15, 22, 23) . Chief cell numbers were reduced in some of these models (14, 22, 23) ; however, loss of chief cells is not a necessary consequence of hypochlorhydria or achlorhydria, as chief cell numbers were normal in achlorhydric gastric H + ,K + -ATPase-deficient mice (15) , which had normal numbers of parietal cells, and were only slightly reduced in achlorhydric AE2-deficient mice (12) that exhibited a modest reduction in parietal cells. It is conceivable that the reduced number of chief cells in NHE4-null gastric mucosa might be due to a direct effect of NHE4 deficiency on chief cell differentiation; however, previous studies have shown a strong correlation between the presence or absence of mature parietal cells and the number of chief cells. For example, ablation of parietal cells by transgenic expression of diptheria toxin led to the loss of chief cells (22) , and chief cells were sharply reduced in the NHE2 knockout, which had few mature parietal cells (14) . There was also a significant increase in the percentage of mucous cells in NHE4 -/-stomachs, which could be related to the loss of chief cells since they arise by differentiation of mucous neck cells (36) . Thus, the production of mature parietal cells, as suggested previously (22), may serve as a key step in the regulation of epithelial cell differentiation in oxyntic glands.
On the basis of these observations, it seems likely that the loss of chief cells in the NHE4 knockout is secondary to the sharp reduction in the number of parietal cells.
In conclusion, NHE4, the most abundant Na + /H + exchanger in gastric parietal and chief cells, is required for normal levels of gastric acid secretion, secretory membrane development, parietal cell maturation and/or differentiation, and, at least secondarily, for chief cell differentiation. In light of previous studies (8, 12) from stomachs of 9-week-old wild-type (+/+), heterozygous (+/-), and null mutant (-/-) mice hybridized with an NHE4 cDNA probe corresponding to codons 473 to 718. -/-(-/-) stomach RNA and amplified using primers corresponding to sequences in exon 1 and exon 3. The size of the PCR product arising from the mutant transcript, measured by agarose gel electrophoresis and DNA sequencing, is 462 bp less than that of the WT product due to the deletion of exon 2. B, Schematic diagram of the splicing patterns of the NHE4 mRNA in WT and NHE4-null mice. Arrows indicate the location of the PCR primers.
Fig. 3. Gastric pH and acid-base microequivalents in NHE4
+/+ and NHE4 -/-stomachs. Samples were collected from the stomachs of mice 15 minutes after subcutaneous injection of histamine (2 µg/g body weight). The pH of gastric secretions and acid-base content (expressed as µeq/gram stomach wet weight) were determined at 18 days (A,B), 9 weeks (C,D), and 6 months (E,F) of age (n = 4-5 animals for each genotype at each age). The mean of each measurement is indicated by a horizontal bar. *p<0.01 for the difference between NHE4
-/-and NHE4 +/+ mice at the same age. -/-mice. Blots were hybridized with probes to gastrin, gastric H + ,K + -ATPase α and β subunits, AE2, NHE2, pepsinogen, intrinsic factor, and the L32 ribosomal protein subunit (as a loading control). Numbers (right side) indicate fold-change in gene expression in NHE4 -/-stomach as compared to control. Note that the larger AE2 band corresponds to both the AE2a and AE2b mRNAs, whereas the smaller AE2 band is the parietal cell-specific AE2c mRNA. exchange, which loads the cell with NaCl, thereby maintaining cell volume and providing both Cl -needed for secretion and Na + needed to drive the Na + ,K + -ATPase activity required for K + uptake and generation of the membrane potential. The results of the current and previous studies (8, 12) suggest that NHE4 and AE2 are the major isoforms mediating coupled Na + /H + and Cl -/HCO 3 -exchange, although a contribution by the Slc26a7 Cl -/HCO 3 -exchanger, which is also expressed in the parietal cell (38) , cannot be ruled out. The NHE1 and NHE2 Na + /H + exchangers, which are also expressed in the parietal cell, may function to maintain pH homeostasis (8) rather than playing a direct role in support of acid secretion.
Table I
Epithelial cell populations of gastric glands
Values are mean ± SEM and represent the percentage of the total epithelial cell population, the percentage of cells undergoing mitosis, and thickness of oxyntic glands from WT (n = 15) and NHE4 -/-(n = 13) mice. -/-, and AE2 -/-mice at 3 weeks of age and of WT and NHE4 -/-mice at 9 weeks of age. All values are mean ± SEM. *Significantly different from WT, p < 0.01.
WT
† Significantly different from WT, p < 0.0001.
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